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ABSTRACT 

We present high-resolution Magellan/MIKE spectroscopy of the brightest star in the ultra- faint 
dwarf galaxy Leo IV. We measure an iron abundance of [Fe/H] = —3.2, adding to the rapidly growing 
sample of extremely metal-poor stars being identified in Milky Way satellite galaxies. The star is 
enhanced in the a elements Mg, Ca, and Ti by ^ 0.3 dex, very similar to the typical Milky Way halo 
abundance pattern. All of the light and iron-peak elements follow the trends established by extremely 
metal-poor halo stars, but the neutron-capture elements Ba and Sr are significantly under abundant. 
These results are quite similar to those found for stars in the ultra-faint dwarfs Ursa Major II, Coma 
Berenices, Bootes I, and Hercules, suggesting that the chemical evolution of the lowest luminosity 
galaxies may be universal. The abundance pattern we observe is consistent with predictions for 
nucleosynthesis from a Population HI supernova explosion. The extremely low metallicity of this star 
also supports the idea that a significant fraction (> 10%) of the stars in the faintest dwarfs have 
metallicities below [Fe/H] = —3.0. 

Subject headings: galaxies: dwarf — galaxies: individual (Leo IV) — Local Group — stars: abundances 



1. INTRODUCTION 

The chemical abundance patterns of the most metal- 
poor stars provide a unique fossil record of star for- 
mation, chemical evolution, and supernova nucleosyn- 
thesis in the early universe. Until recently, such stud- 
ies were limited to the stellar halo of the Milky Way 
because nearby dwarf g alaxies appeared t o lack suffi- 
ciently metal-poor stars (jHelmi et al.l 120061 ). Just over 
a year ago, the first extremely metal-poor (EMP) stars 
with [Fe/H] < —3.0 were discovered in se veral of the 
Milky Way's lowest luminosity companions (jKirbv et al.l 
120081 ). Since then, the number of known EMP stars 
in nearby dwarf ga l axies has b een expand ing rapidly 
(iFrebel et al.l l2010al: iCohen fc H uang 2 009t lAoki et al.l 
l2009HFrebel. Kirbv. fc Simonll2010b: ,Norris et al.ll2009n . 

Because the ultra-faint dwarfs host such incredibly 
tiny stellar populations (L < lO'' Lq), they represent 
particularly attractive targets for chemical abundance 
studies. These galaxies should have hosted only a few 
supernovae (SNe), and the individual chemical signa- 
tures of th ose explosions ma y be revealed in their oldest 
stars fe.g-. lKoch et al.ir2008() . Moreover, they were likely 
some of the first object s to collapse in the early universe 
(jBovill fc Ricottil 12009'). and the lack of star formation 
at later times means that evidence of the nucleosynthetic 
processes operating at high redshift should be preserved. 

In a previous paper we presented high-resolution spec- 
tra of six stars in the ultra-faint dwarfs Ursa Major II 
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(UMa II) and Coma Berenices (ComBer), showing that 
both galaxies have very low metallicities, substantial iron 
abundance spreads, and overall abu ndance patterns sim - 
ilar to that of the Milky Way halo (|Frebel et al.ll2010al ). 
Here we report spectroscopy of the brightest star (and 
the only one accessible to current telescopes at high 
spectral resolution) in the slightly more luminous galaxy 
Leo IV. In §[2] we describe Leo IV and our observations. 
We present our abundance analysis in ij3l and then dis- 
cuss the implications of our results for the chemical evo- 
lution of the faintest galaxies in § 01 In § [5] we briefly 
summarize our findings and conclude. 



2. OBSERVATIONS AND DATA REDUCTION 

2.1. Properties of Leo IV 

Leo IV was discovered as an overdensity of re- 
solved stars in the fifth data release of the Sloan 
Di gital Sky Surve;y (lAdelman-McCarthv et al.l I2007D 
by iBelokurov e t al. (2007). Medium-resolution spec- 
troscopy by [Simon & Geha (2007, hereafter SG07) 
demonstrated that Leo IV has stellar kinematics and 
metallicities that are characteristic of dwarf galaxies, but 
as the most poorly-studied object in the SG07 sample its 
overall properties were not well constrained. Followup 
analysis of the SG07 spectra by Kirby et al. (2008) re- 
vealed that Leo IV has the lowest mean metallicity of 
any galaxy known, at [Fe/H] = —2.58 ± 0.08, with a 
very large internal metallicity sp read of 0.75 dex. Subse- 
quently, photometri c studi es bvlMartin. de Jong fc Rixl 
(2008). ,Sand et al.l (12001), iMoretti et al.l (|2009D . a^ 
Ide Jong et al.l (|2010f ) refined the size (128 ± 26 pc), ab- 
solute magnitude (My = —5.7 ± 0.3), and distance 
(154 ± 5 kpc) of the galaxy. SG07 identified a single 
bright red giant star, SDSSJ113255.99-003027.8 (here- 
after referred to as Leo IV-Sl), in Leo IV at F = 19.2, 
with the next brightest confirmed member nearly a mag- 
nitude fainter. 
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2.2. Observations 

We observed Leo IV-Sl on 2009 February 18-20 with 
the Magellan Ina mori Ky occra Echelle (MIKE) spec- 
trograph fjBernstein et al.|[2003 ) on the Clay Telescope. 
The observations were made with a 1" slit, producing 
a spectral resolution of i? = 28,000 on the blue side 
(A < 5000 A) and a resolution of i? = 22, 000 on the red 
side (A > 5000 A). The CCD was binned 3 x 3 to reduce 
read noise for such a faint target, yielding a final disper- 
sion of ^ 0.07 A pixel"^ in the blue and ~ 0.12 A pixel"^ 
in the red (i.e., sampling slightly better than the Nyquist 
rate). A temporary, lower efficiency detector was used 
because of the failure of the MIKE blue CCD in 2008 
November. The total integration time was 8.67 hours 
(individual exposures were either 40 or 55 minutes) un- 
der mostly excellent observing conditions. 

2.3. Data Reduction 

The data were reduced using the lat e st ver sion of the 
MIKE pipeline introduced by iKelsonI (|2003[ ). Frames 
from each night were reduced together, and then the 
spectra from the individual nights were coadded at the 
end. The final spectrum was normalized in IRAEQ and 
each order was analyzed separately. Because of the 
target star's faintness, the signal-to-noise ratio (S/N) 
achieved is modest: S/N = 10 pixer^ at 4500 A, S/N = 
25 pixel-i at 5500 A, and S/N = 45 pixel"! at 6500 A, 
co mparable to t hat o btaine d for similarly faint stars 
by IKoch et all pOOSh and IKoch. Cote, fc McWilhaiiil 
(|2009[) . We measure a velocity of 130.9 ± 1.1 km s'^, 
consistent with the previous measurement of 132.7 ± 
2.2 km s^! from SG07, which suggests that Leo IV-Sl 
does not have a binary companion in a close enough orbit 
to affect its evolution or abundances. 

3. ABUNDANCE ANALYSIS 
3.1. Line Measurements and Atmospheric Parameters 

U sing a line list taken from iMcWilliam et al.l ()1995a|) 
and lFrebel et al.l ()2010aD , we measured equivalent widths 
(EWs) with the IRAF task SPLOT. We detected 50 
Fe I lines, and between one and ten lines for the follow- 
ing species: Fe II, Mg I, Ca I, Sc II, Ti I, Ti II, Na I, 
Cr I, Ni I, Sr II, and Ba II. A portion of the spectrum 
illustrating the detection of Ba is displayed in Figure [TJ 
and the EWs of all measured lines are listed in Table 1. 

Based on a comb ined photometric and spectroscopic 
analysis, EkbiLSLal. (2008) estimated T^ff = 4330 K, 
log5 = 1.0, C = 1-6 km s-\ and [Fe/H] = -2.9 for 
Leo IV-Sl. Starting with these parameters, we con- 
structed aJJD plane-parallel Kurucz model atmosphere 
()Kurucdll992f ) and then iteratively redetermined the stel- 
lar parame ters using the Fe I lines with the 2009 version 
of MOOG fSn edenlll97l . Wc first estabhshed the micro- 
turbulent velocity by minimizing the trend of Fe I abun- 
dance with EW. The derived value was ^ = 3.2 km s^^, 
which would be quite high for the less luminous stars that 
are frequently observed in the Milky Way halo and glob- 
ular clusters, but is comparable to values obtained for 

® IRAF is distributed by the National Optical Astronomy Ob- 
servatory, which is operated by the Association of Universities for 
Research in Astronomy under cooperative agreement with the Na- 
tional Science Foundation. 



cool EMP giants from l ow S/N spectrad in a number of 
other studi es (McWiUia m et al.lll995al: IKoch et alll2008l: 
lAoki et al.li200a: .Frebel et al.ll2010bD . 

Next, we determined the effective temperature. 
Leo IV-Sl is unfortunately too faint to have been 
detected by 2MASS, so the reddest available color 
is F — / (converted fro m the SDSS magnitudes us- 
ing the iJordi et al.l 120061 transformations). T he color- 
temperature relation of lAlonso et al.l (1 1 9991) predicts 
Te ff = 4330 K using either B - V (from iMoretti et al.l 
|2009| ) oyV — I. At this temperature, there is still a weak 
negative trend of Fe I abundanc e with excitation po ten- 
tial, as noted for similar stars bv lNorris et al.l ()2009l and 
references therein), perhaps indicating deviations from 
local thermodynamic equilibrium. Forcing Fe I excita- 
tion balance and deriving T^f f from the spectrum alone 
would lead to a lower value (^^4200 K). 

Ideally, the surface gravity would be set by imposing 
ionization balance on the Fe I and Fe II lines. Unfor- 
tunately, with the relatively low S/N and resolution of 
our spectra, very few Fe II lines were detectable, and 
they are all either weak features and/or in low S/N re- 
gions of the spectrum. We therefore do not consider any 
of our Fe II measurements (which span nearly an order 
of magnitude in abundance) to be very reliable. We in- 
stead resorted to the more basic technique of applying 
the Stefan-Boltzmann law and Newton's law of gravita- 
tion to calculate the gravity. The apparent r magnitude 
of Leo IV-Sl after correcti ng for inters tellar re ddening of 
E(B - V) = 0.025 mag (|Schlegel. Finkbeiner. fc DavisI 
119981) is r = 1 8.76. Given a distan ce modulus for Leo IV 
of 20.94 mag (|Moretti et al.ll2009D . the ab solute magni- 
tude i s Mr — —2.18. Using isochrones from lGirardi et all 
(|2004| ). we estimate a bolometric correction of —0.11 mag 
for stars of similar evolutionary state, yielding a lumi- 
nosity of 637 L0. For a mass of 0.8 M© the correspond- 
ing surface gravity is log 5 = 1.0, varying only weakly 
with the assumed temperature (Alogg = —0.05 dex 
for ATe// = 100 K). This value for the gravity pro- 
duces an Fe II abundance that is ^ 0.3 dex higher than 
the Fe I abundance, but again, we do not regard the 
Fe II measurement as reliable. A much lower gravity 
of log 5 would be required to bring [Fe I/H] and 
[Fe II/H] into better agreement. Our final atmospheric 
parameters are therefore Tg// = 4330 K, logg = 1.0, and 
^ — 3.2 km s~!, but we also derive abundances for the 
purely spectroscopic values oiT^ff — 4200 K, log 5 = 0.0, 
and ^ ~ 3.2 km s^^ for comparison. 

3.2. Derived Abundances and Uncertainties 

We list the measured abundances from MOOG in Ta- 
ble [21 Because of the low quality of our Fe II measure- 
ment, we adopt [Fe/H] = [Fe I/H] to calculate [X/Fe] 
values (for ionized sp ecies as well as n eutra l ones). Note 
that we use the new lAsplund et al.l ()2009D solar abun- 
dances (with loge(Fe) = 7.50). 

Since the photometric and spectroscopic solutions for 
Te// and log (7 are not entirely consistent, assessing the 
impact that our choices for these parameters have on 
the derived abundances is important. An estimate of 
the systematic uncertainties can be obtained from the 

^ Even if the S/N results in ^ being overestimated, the effect on 
the abundances is small (~ 0.1 dex). 
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Fig. 1. — Spectrum of Leo IV-Sl around the Ba II A4554 A line. Despite ttie low S/N at these wavelengths, Ba is clearly detected. Lines 
of Ti and Fe are also marked. The red line is a synthetic spectrum from MO OG using the derived atmospheric parameters and abundance 
ratios, and the spectrum of UMaILS2 (Te// = 4600 K, [Fc/H] = -3.23) from IPrebel et al.l H2010al ) is shown above for comparison. 



abundance differences between the two sets of stellar 
parameters. To quantify these further, we also vary 
the atmospheric parameters one at a time by approx- 
imately their uncertainties and examine the resulting 
abundance changes. The parameter uncertainties are 
set by considering how large a change is allowed by 
the Fe I abundances for ^ and Te//, and assigning rea- 
sonable uncertainty levels for the gravity and overall 
metaUicity: AT^// = +150 K, Alog g = -0.5 dex, 
A[M/H] = -fO.3 dex, and A^ = -F0.3 km s'^. The 
systematic uncertainties we derive are listed in Tables [2] 
and[3l Over this range of parameters, the maximum iron 
abundance we obtain is [Fe/H] = —2.96, so we can con- 
fidently conclude that Leo IV-Sl is indeed an EMP star. 

4. DISCUSSION 

4.1. The Frequency of EMP Stars in Dwarf Galaxies 

Including Leo IV-Sl, there are now detailed abun- 
dance studies (with individually determined atmospheric 
parameters) for t e n stars in t h e ultr a- faint dwarfs 
(iKoch et al.l [20081: iFrebel et al.l l2010al: iNorris et al.l 
|2009| ). The highest metaU icity star include d in these 
studies has [Fe/H] = -2.0 (iKoch et al.ll2008| ). and four 
have metalli c ities be low [Fe/H] = —3.0. As noted by 
IFrebel et all (l2010aD. w ith the exception of Boo-1137 
from INorris et al. 1 120091) these stars have been selected 
independent of their metallicities: the sole selection cri- 
terion (by necessity) is their apparent magnitude. The 
33% success rate (3 out of 9, after excluding Boo-1137) 
at finding EMP stars strongly suggests that a substan- 
tial fraction of th e stars in these systems have extremely 
low m etallicities (jKirbv et al.ll2008t iSalvadori fc Ferraral 
|2009[) . In order to obtain 3 EMP stars in a random 
drawing out of a sample of 9, the EMP fraction must 
be at lea st 10% at the 9 5% confidence level. The re- 
sults of . Norris et al.l (j2008| ) that 4 of 16 stars observed at 
medium resolution in Boo I (including Boo-1137) have 
metallicities below [Fe/H] — —3.0 provides further sup- 
port for this case. As the observed data sets increase 
further, it therefore seems likely that many more EMP 
stars, and perhaps stars with even lower metallicities. 



will be identified. Provided that one is willing to invest 
the telescope time to obtain high-resolution spectra of 
18th-19th magnitude stars, the ultra-faint dwarfs may 
be the most promising targets for increasing samples of 
stars with [Fe/H] < —3.5 and studying the fossil clues 
left behind by the first generation of stars. 

4.2. Abundance Patterns in the Ultra-Faint Dwarfs 

The abundances of light and iron-peak elements in 
Leo IV-Sl match closely those that we measured in 
UMa II and ComBer. The a elements Mg, Ca, and Ti 
are each enhanced by ~ 0.3 dex compared to the solar 
ratios, identical within the uncertainties to those of the 
two EMP stars in UMa II. Sc, Cr, and Ni in Leo IV-Sl 
also agree with the measured abundances of UMa II be- 
low [Fe/H] = —3. Only a conservative [C/Fe] limit could 
be obtained for Leo IV-Sl, indicating that the star is 
not strongly C-enriched. These similarities suggest that 
whatever process is responsible for producing elements 
from Na at least through the iron-peak in the ultra- 
faint dwarfs seems to be nearly universal, yielding similar 
abundances in almost every star examined so far. The 
only exception is the ratio of hydrostatic to explosive a 
elements (e.g., [Mg/Ca]), which is strongly enhanced in a 
fra ction of the ultra-faint dwarf stars f | Ko ch et al. 200^ 
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I2010al: IMt^ing et al.l \^m i As found by 



(l2010aD and illustrated in Fig. ^ this com- 
mon abundance pattern in ultra-faint dwarf stars (includ- 
ing Leo IV-Sl) also agrees well with that of EMP stars 
in the Milky Way halo (e.g., Cayrel et al. 2004i iLai et^II 
l2008h . 

Moreover, Leo IV-Sl continues the trend of un- 
usually low n eutron-capture abundances in the ultra - 
faint dwarfs (jKoch et al.l l2008t IFrebel et al.l l2010aD . 
with [Ba/Fe] = -1.45 and [Sr/Fe] = -1.02. Un- 
like the lighter species, for heavy elements the ultra- 
faints as a whole do not agree with typical halo be- 
havior; the halo has a higher mean abundance and 
spans a larger ra nge of [nc/Fe] at similar meta llicities 
(Fig. H also see iFrancois et al.l 12007 1 : ILai et al.l [2008). 
Stars in the brighter dwarf spheroidals (dSphs) gener- 
ally have roughly solar abundances of Ba and Eu, al- 
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though a few of the most metal-poor stars in those 
galaxies show a similar deficiency of heavy elements as 
the ultra-faint dwarfs (iFulbright. Rich, fc Castro! 120041: 
iFrebel. Kirbv. fc SimonI l2010b( l. This distinction from 
both the halo and the classical dSphs suggests that the 
heavy elements may be produced differently in the ultra- 
faint dwarfs than in their brighter counterparts (at least 
at later times). 

Abundance measurements of the few strongly r-process 
enhanced EMP stars in the halo indicate that SNe that 
produce r -process elements in larg e quantities must be 
rare (e.g., iMcWilliam et allllQQSbT l or inefficient at dis- 
persing those elements into the surrounding gas. It has 
been suggested that core-collapse SNe over a narrow 
mass range are the astrophysical site for the main r- 
proce ss. perhaps in the lowest mass SNe (8—10 M p,) 
(e.g.. iQian fc Wasserburgl lMs': 'W majo et al.l[200l . If 
the enrichment of all of the ultra-faint dwarfs is a result 
of randomly sampling supernovae from a common initial 
mass function (IMF), and assuming the main r-process to 
be the dominant source for the observed neutron-capture 
elements, then most dwarfs that incompletely sample the 
SN mass function will show deficient [Sr/Fe] and [Ba/Fe] 
ratios because r-process SNe are rare. A small fraction, 
however, should contain relatively r-process rich EMP 
stars. Since the IMF of the first sta rs is expected to be 
top-heavy (e.g.. lYoshida et al1l2006D . the low r-process 
abundances we observe could arise naturally if r-process 
elements are predominantly made by these lower-mass 
SNe. 

Despite the overall broad similarities with the other 
ultra-faints, possible signs of stochasticity in the abun- 
dance patterns of the faintest dwarfs are also evident 
in the data that have been acquired over the past few 
years. Two stars in Hercules a nd one each in Boo I 
(|Feltzing et al.ll2009f ) and Draco (|Fulbright et al.ll2004H 
exhibit very high [Mg/Ca] ratios that are argued to re- 
sult from small numbers of super novae and the res ulting 
incomplete sampling of the IMF ()Koch et al.ll2Q08D . The 
Hercules stars also have extremely low (nearly unprece- 
dented; see Fig. [2]) upper limits for [Ba/Fe], while Ba has 
been detected in every star observed so far in UMa II, 
ComBer, and Leo IV, despite much lower overall metal- 
licities. It may be noteworthy that it is the most lumi- 
nous ultra-faint dwarfs that seem to contain these un- 
usual signatures, but larger samples in all of these galax- 
ies are needed before drawing strong conclusions. 

4.3. Supernovae and Nucleosynthesis in Leo IV 

iHeger fc WooslevI (|2008[ ) have shown that Popula- 
tion HI SNe from initially metal-free massive stars can 
produce an el emental abundance pattern similar to that 
measured by iCavrel et"al1 (I2OO40 for EMP halo stars. 
In a similar studv. iTominaga. Umeda. fc Nomotol ()2007f ) 
concluded that Pop HI hypernovae with unusual l y high 
energies are necessary to match the ICavrel et al.l ()2004f ) 
data. The agreement be tween the abundances of Leo IV- 
Sl and the ICavrel et al.l sample suggests that some form 
of Pop HI nucleosynthesis may be able to explain the 
chemical abundances of Leo IV as well. In Fig. [3] we 
demonstrate the quality of the match that can be ob- 
tained between the observed abundances and the mod- 
els; the best fit found by comparisons with the grid of 
models from iHeger fc Wooslcv. (2008.) is for a low-mass 



(^ 10 M0) SN with an average explosion energy. Higher 
mass hypernova explosions can also provide acceptable 
fits. 

Because the number of stars in Leo IV is so small 
{Ly = 14000 Lq), the metal content of the entire galaxy 
is extremely low. Fo r example, g i ven th e mean metal- 
licity determined by iKirbv et al.l ()2008D and assuming 
a stellar mass-to-light ratio of 1 Mq/L©, Leo IV con- 
tains just 0.042 Mq of Fe. Since this is comparable to 
the amount of Fe p roduced by the best-fitting Pop HI 
SN models (jHeger fc Wooslcy' 2008), if Leo IV was in- 
deed enriched by such explosions then a single super- 
nova may be enough to have produced all of the observed 
heavy elements. It is also possible, of course, that mul- 
tiple supernovae contributed to the chemical evolution 
of the galaxy if most of the metals were blown out via 
winds rather than having been incorporated into subse- 
quent generations of stars. Nevertheless, we tentatively 
conclude that Leo IV-Sl may reflect the nucleosynthctic 
yields of the first Pop HI star that the galaxy formed, at 
a time when its gas content was ^ 4 x 10^ Mq. Other 
ultra-faint dwarfs therefore might reveal the abundance 
patterns of SNc with different masses, consisten t with 
recent observations of Hercules (|Koch et al.ll2008l ) 



5. SUMMARY AND CONCLUSIONS 

We have carried out a high-resolution abundance anal- 
ysis for the brightest star in the ultra-faint dwarf galaxy 
Leo IV. With [Fe/H] = -3.2, Leo IV-Sl adds to the 
rapidly increasing sample of extremely metal-poor stars 
in dwarf galaxies. The low metallicity of Leo IV-Sl pro- 
vides further support for the hypothesis that a substan- 
tial fraction (> 10%) of the stars in the faintest dwarfs 
lie in the EMP regime. 

The abundance pattern in Leo IV is extremely sim- 
ilar to that found in both the other ultra-faint dwarfs 
and the metal-poor Milky Way halo. As suggested by 
iFrebel et al.l (|2010al ). this excellent agreement demon- 
strates that the metal-poor end of the halo metallic- 
ity distribution could have been formed in galaxies like 
the ultra-faint dwarfs. The only exception to the close 
match between the halo and the ultra-faint dwarfs is the 
neutron-capture elements, which still appear somewhat 
lower in the dwarfs, but more measurements of these el- 
ements are needed. 

Interestingly, the most metal-poor stars in some of 
the brighter dSphs seem to share the same chemical 
sign ature of a- enhancement and neutron-capt ure deple- 
tion ()Fulbright et al.ll20p:lfVebel et al.ll2010bD . ahhough 
the abundances in tho se systems deviate s ubstantially 
at hi gher metallicities (iSh etrone et al.l 120031 : Fv^nn et all 
l2004f ) . The similarity between the abundances of Leo IV- 
Sl and other dwarfs such as UMa II, ComBer, Boo I, and 
Sculptor suggests that the initial enrichment in many 
galaxies may have been universal. Differences between 
the abundances in the faintest dwarfs (ComBer, UMa II, 
and Leo IV) and the stars in somewhat more luminous 
systems, on the other hand, could point to stochastic 
chemical variations. Finally, we show that the abun- 
dance pattern of Leo IV-Sl is consistent with Population 
HI supernova models, raising the possibility that Leo IV 
was enriched by some of the first stars. 
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Fig. 2. — Abundance pat tern of Leo IV-Sl {filled red square) compared to stars in other ultra-faint dwarf galaxies { f illed blue circles: 
Com Ber and UMa II from iFYebel et a l. 2010a; filled ma genta diamonds: B ootes I and Hercules from iKoch et af] 120081 and INorris et aLl 
12003 ; filled green triangle: Scu lptor star S1020549 fromlFr ebel et ani2010b|) and a represe n tative sample of meta l-poo r Milky Way hal o 
stars {open black circles) from ICayrel et al.l (WM) . ICohen et al.l II2004I ). lAoki et al.l (200^) . ITHncois et al.l |[200W) . and ' Lai et aEl p008| ). 
With the possible exception of the two relatively metal-rich stars in Hercules at [Fe/H] = —2, the distribution of a and iron-p eak abundance 
rati os is very similar across all of the ultra-faint dwarfs and the halo. All data displayed here have been adjusted to the lAsplund et al.l 
11200 9) solar abundance scale. 
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TABLE 1 
Equivalent width measurements 



Element 


A 


X 


logs/ 


EW 


loge 




[A] 


[eV] 




[mA] 




Nal 


5889.973 


0.00 


0.100 


220.0 


3.28 


Nal 


5895.940 


0.00 


—0.200 


160.0 


2.84 


Mgl 


4571.102 


0.00 


-5.670 


64.0 


4.47 


Mgl 


4703.003 


4.34 


—0.520 


75.0 


5.11 


Mgl 


5172.698 


2.71 


-0.380 


231.0 


4.66 


Mgl 


5183.619 


2.72 


-0.160 


256.0 


4.66 


Mgl 


5528.418 


4.34 


—0.341 


74.0 


4.76 


Cal 


5588.764 


2.52 


0.358 


47.0 


3.39 


Cal 


5594.471 


2.52 


0.097 


22.0 


3.22 


Cal 


6102.727 


1.88 


-0.770 


38.0 


3.51 


Cal 


6122.226 


1.89 


-0.320 


62.0 


3.38 


Cal 


6162.180 


1.90 


-0.090 


90.0 


3.47 


Cal 


6439.083 


2.52 


0.390 


61.0 


3.45 


Sell 


5031.024 


1.36 


—0.400 


41.0 


0.27 


Sell 


5526.821 


1.77 


0.020 


42.0 


0.33 


Sc II 


5657.880 


1.51 


-0.600 


18.0 


0.14 


Til 


5039.964 


0.02 


— 1.130 


25.0 


1.76 


Til 


5210.392 


0.05 


-0.884 


58.0 


2.01 


Till 


4417.723 


1.16 


— 1.430 


82.0 


2.13 


Till 


4443.812 


1.08 


—0.700 


127.0 


1.95 


Till 


4468.500 


1.13 


—0.600 


120.0 


1.79 


Till 


4501.278 


1.12 


—0.750 


136.0 


2.15 


Till 


4563.766 


1.22 


-0.960 


122.0 


2.24 


Till 


4571.982 


1.57 


-0.530 


111.0 


2.12 


Till 


4589.953 


1.24 


-1.790 


70.0 


2.37 


Ti II 


5185.908 


1.89 


-1.350 


26.0 


2.02 


Till 


5336.794 


1.58 


— 1.700 


63.0 


2.48 


Till 


5381.028 


1.57 


-2.080 


21.0 


2.19 


CrI 


4254.346 


0.00 


—0.114 


141.0 


1.92 


CrI 


5345.807 


1.00 


-0.980 


26.0 


2.08 


Fe I 


4447.728 


2.22 


-1.339 


77.0 


4.30 


Fel 


4494.573 


2.20 


-1.136 


74.0 


4.01 


Pel 


4871.325 


2.86 


—0.362 


60.0 


3.81 


Pel 


4872.144 


2.88 


—0.567 


91.0 


4.44 


Pel 


4890.763 


2.87 


-0.394 


71.0 


3.99 


Pel 


4891.502 


2.85 


—0.111 


83.0 


3.83 


Pel 


4994.138 


0.91 


-2.956 


71.0 


3.93 


Pel 


5041.076 


0.96 


-3.086 


86.0 


4.29 


Pel 


5041.763 


1.48 


-2.203 


114.0 


4.46 


Pe I 


5049.827 


2.28 


-1.355 


67.0 


4.09 


Pe I 


5123.730 


1.01 


-3.058 


115.0 


4.66 


Pel 


5127.368 


0.91 


-3.249 


81.0 


4.31 


Pe I 


5133.699 


4.18 


0.140 


23.0 


4.38 


Pe I 


5150.852 


0.99 


-3.037 


113.0 


4.58 


Pel 


5151.917 


1.01 


-3.321 


70.0 


4.38 


Pel 


5166.284 


0.00 


—4.123 


94.0 


4.08 


Pel 


5171.610 


1.48 


— 1.721 


118.0 


3.98 


Pel 


5191.465 


3.04 


—0.551 


47.0 


4.01 


Pel 


5192.353 


3.00 


—0.421 


83.0 


4.27 


Pel 


5194.949 


1.56 


-2.021 


120.0 


4.41 


Pel 


5216.283 


1.61 


-2.082 


91.0 


4.17 


Pel 


5225.534 


0.11 


-4.755 


82.0 


4.72 


Pe I 


5232.952 


2.94 


-0.057 


109.0 


4.13 


Pe I 


5250.216 


0.12 


-4.938 


68.0 


4.76 


Pel 


5281.798 


3.04 


-0.833 


48.0 


4.29 


Pe I 


5283.629 


3.24 


-0.524 


40.0 


4.13 


Pe I 


5302.307 


3.28 


—0.720 


55.0 


4.57 


Pe I 


5307.369 


1.61 


—2.912 


48.0 


4.48 


Pel 


5324.191 


3.21 


-0.103 


99.0 


4.39 


Pel 


5497.526 


1.01 


—2.825 


128.0 


4.49 


Pel 


5501.477 


0.96 


—3.046 


110.0 


4.41 


Pel 


5506.791 


0.99 


-2.789 


142.0 


4.60 


Pel 


5569.631 


3.42 


-0.500 


54.0 


4.49 


Pel 


5572.851 


3.40 


—0.275 


57.0 


4.27 


Pel 


5615.658 


3.33 


0.050 


82.0 


4.14 


Pel 


6136.624 


2.45 


-1.410 


82.0 


4.37 


Pel 


6137.702 


2.59 


-1.346 


66.0 


4.32 


Pel 


6191.571 


2.43 


-1.416 


95.0 


4.48 


Pel 


6219.287 


2.20 


-2.448 


40.0 


4.58 


Pel 


6230.736 


2.56 


-1.276 


60.0 


4.13 


Pel 


6252.565 


2.40 


-1.767 


59.0 


4.39 


Pel 


6265.141 


2.18 


-2.550 


21.0 


4.31 


Pel 


6335.337 


2.20 


-2.180 


43.0 


4.34 


Pel 


6393.612 


2.43 


-1.576 


68.0 


4.33 
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TABLE 1 — Continued 



Element 


A 


Y 


loe f 


EW 


log e 






[evj 




Tm Al 




Fcl 


6400.009 


3.60 


-0.290 


40.0 


4.24 


Fcl 


6411.658 


3.65 


-0.595 


25.0 


4.35 


Fel 


6421.360 


2.28 


-2.014 


44.0 


4.28 


Pel 


6430.856 


2.18 


-1.946 


75.0 


4.44 


Fel 


6494.994 


2.40 


-1.239 


100.0 


4.28 


Pel 


6677.997 


2.69 


-1.420 


58.0 


4.38 


Pel 


6750.164 


2.42 


-2.621 


13.0 


4.43 


Pell 


4923.930 


2.89 


-1.260 


84.0 


4.02 


Pell 


5018.450 


2.89 


-1.110 


120.0 


4.35 


Fell 


5197.560 


3.23 


-2.220 


44.0 


4.83 


Fell 


5276.000 


3.20 


-2.010 


67.0 


4.88 


Fell 


6456.391 


3.90 


-2.075 


21.0 


5.00 


Nil 


6643.638 


1.68 


-2.300 


48.0 


3.56 


Nil 


6767.784 


1.83 


-2.170 


20.0 


3.15 


SrII 


4215.539 


0.00 


-0.170 


120.0 


-1.34 


Ball 


4554.036 


0.00 


0.160 


62.0 


-2.46 
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TABLE 2 

Stellar Parameters and Abundances for Leo IV-Sl 







Fiducial Model 






Spectroscopic Model 


Parameter / 


Value/ 


loge(X) 


^lines 






Value/ 


Species 


Abundance Ratio 








Abundance Ratio 


Mr 


-2.18 










-2.18 


Teff [K] 


4330 










4200 


logs 


1.0 










0.0 


5 [km s-l] 


3.2 










3.2 




Fe I/H] 


-3.19 


4.31 


50 


0.03 


0.27 


-3.09 




Fe II/H] 


-2.88: 


4.62: 


5 


0.19 


0.14 


-2.89: 




C/Fe] 


<-0.08 


< 5.16 


Synth 






< 0.32 




Na I/Fe] 


0.01 


3.06 


2 


0.28 


0.09 


-0.04 




Mg I/Fe] 


0.32 


4.73 


5 


0.12 


0.09 


0.62 




Ca I/Fe] 


0.25 


3.40 


6 


0.05 


0.09 


0.26 




Ti I/Fe] 


0.13 


1.89 


2 


0.16 


0.07 


0.08 




Ti II/Fe] 


0.38 


2.14 


10 


0.06 


0.28 


0.40 




Sc II/Fe] 


0.29 


0.25 


3 


0.06 


0.33 


0.00 




Cr I/Fe] 


-0.45 


2.00 


2 


0.10 


0.11 


-0.44 




Ni I/Fe] 


0.32 


3.35 


2 


0.26 


0.07 


0.16 




Sr II/Fe] 


-1.02 


-1.34 


1 




0.26 


-0.96 




Ba II/Fe] 


-1.45 


-2.46 


1 




0.24 


-1.56 



Note. — All abundance ratios [X/Fe] (including ionized species) are calculated relative to Fc I. 
^ Statistical uncertainties arc defined as the standard error of the mean of abundances of individual lines (accounting for small sample sizes where 
fewer than 10 lines arc used). 

^ Systematic uncertainties refer to quadrature sums of the changes listed in Table [3] relative to Fe i for each species. 



TABLE 3 
Abundance Uncertainties 



Species 


Aloge(X) 


Aloge(X) 


Aloge(X) 


Aloge(X) 




for T^ff + 150 K 


for logg — 0.5 dex 


for [M/H] + 0.3 


for 5 + 0.3 km s ^ 


Fe I 


0.23 


0.13 


-0.03 


-0.04 


Fe II 


-0.08 


-0.10 


0.01 


-0.05 


Na I 


0.24 


0.14 


-0.07 


-0.12 


Mgl 


0.19 


0.21 


-0.05 


-0.06 


Ca I 


0.15 


0.10 


-0.02 


-0.01 


Ti I 


0.29 


0.14 


-0.04 


-0.01 


Ti II 


-0.01 


0.00 


0.01 


-0.06 


Sc II 


0.02 


-0.12 


0.02 


-0.01 


Cr I 


0.25 


0.21 


-0.09 


-0.07 


Ni I 


0.25 


0.07 


-0.01 


-0.01 


Sr II 


-0.01 


0.07 


-0.04 


-0.11 


Ba II 


0.07 


-0.04 


0.02 


-0.02 



